Basement membrane thickening is the most prominent and characteristic feature of early diabetic microangiopathy. Unknown is not only the causative process but also whether the thickening reflects increased synthesis of specific components. Because collagen type IV is uniquely present in basement membranes and represents their predominant structural element, we studied its expression in retinas obtained postmortem from five patients with 8±3 yr of diabetes and six nondiabetic controls. The collagen IV transcript proved to be rare in adult human retina and undetectable by Northern analysis. We thus identified a set of primers and conditions to detect the transcript by the reverse transcriptase polymerase chain reaction and to measure its level relative to an endogenous internal standard (ft-actin mRNA). In the diabetic patients the levels of collagen IV mRNA were increased twofold over levels in controls, whereas the actin mRNA levels were similar in the two groups. Hence, the collagen IV/actin ratio was 0.53±0.15 in diabetic samples and 0.24±0.09 in control samples (P = 0.004). These results indicate that diabetes induces a twofold increase in the expression of collagen IV by the cells that synthesize basement membranes in the adult retina (vascular cells). Insofar as high ambient glucose in vitro elicits the same effect, it may be proposed that basement membrane thickening in diabetes results from enhanced synthesis of specialized component molecules sustained by hyperglycemia. (J. Clin. Invest. 1994. 93:438-442).
Introduction
Basement membranes are thin extracellular matrices that separate epithelial, endothelial, and parenchymal cells from the underlying connective tissue. Orderly assembly of their unique structural components (type IV collagen, laminin, entactin, and heparan sulfate proteoglycans) provides physical support, a substrate for adhesion and phenotypic modulation of overly-ing cells, and a selective barrier to filtration. Changes in basement membrane morphology and properties have been reported in several pathologies (1 ) , but in none are the changes so widespread as in diabetes mellitus, where basement membrane thickening is found throughout the vasculature as well as at nonvascular sites (2) . The importance of thickened basement membranes in diabetic vascular disease is not clear. However, because they develop within a process that eventually leads to the demise of vascular cells and capillary closure, which in turn trigger proliferative retinopathy (3) and renal failure (4) , understanding their pathogenesis should contribute to the broader goal of understanding diabetic microangiopathy.
The development of both thickened basement membranes and microangiopathy requires the presence of the metabolic derangement of diabetes (5, 6) , and hyperhexosemia appears to be the abnormality sufficient to cause the lesions (7) . The latter observation, coupled with the finding that elevated glucose concentrations in vitro upregulate endothelial cell expression of collagen IV, laminin, and fibronectin (8) , proposes a mechanism for basement membrane thickening in diabetes based on hyperglycemia-induced increased synthesis ofspecific matrix components. But increased synthesis of basement membranes proper has never been clearly documented in diabetic tissues in vivo, and, in fact, it has been suggested that thickening may reflect deposit of basement membrane material by successive generations of cells with shortened life span (9) or accumulation due to decreased susceptibility to degradation ( 10) . In experimentally diabetic animals studies of retinal RNA by Northern analysis have failed to detect increased levels of collagen IV or laminin mRNAs ( 1) , and the renal glomerular preparations showing increased incorporation of collagen precursors ( 12) could not resolve ifthe event pertained to synthesis of basement membranes or mesangial matrix. The distinction is important because mesangial matrix differs from vascular basement membranes in several respects, most notably cellular origin and representation of type V collagen ( 13) .
We thus examined if the synthesis of type IV collagen, which is uniquely present in basement membranes and represents their predominant structural component (14) , is increased in human diabetes. We performed the experiments in human retinas because thickening of basement membranes is well documented in diabetic retinal vessels (2, 15) and intact RNA can be extracted from these vessels up to 36 h postmortem ( 16) . Having determined that Northern analysis is insufficiently sensitive for detection of the collagen IV transcript, which is rare in the adult retina ( 17, 18) Table I .
The eyes were maintained at 4VC and processed within 36 h of death. Under sterile RNase-free conditions, the globe was punctured 2 mm from the limbus, a circumferential incision was made, and the anterior chamber was removed. A vitreous spatula was used to loosen the vitreous adherent to the anterior retina, the retina was cut at the optic nerve and gently separated from the layer of pigmented epithelium. The two retinas were homogenized with five up-and-down strokes of a hand-held glass homogenizer in 3 ml of 6 M guanidine isothiocyanate. Total RNA was isolated by sedimentation through cesium chloride ( 19) and each sample (5Mg) was subjected to electrophoresis and stained with acridine orange (20) The protocol for the PCR was designed to measure the level of collagen IV expression relative to the expression of an endogenous internal standard gene (#l-actin) (21, 22) . To prevent quantitative inaccuracies deriving from competitive effects and different efficiency and ranges ofamplification ofthe two cDNAs (21, 22) , the collagen IV and fl-actin cDNAs generated in the same RT reaction were amplified in separate tubes containing increasing volumes ofthe RT reaction ( 1, 2, 4, and 8 Ml) to document amplification in the linear region for each cDNA. The primers used to amplify the a I chain of collagen IV and fl-actin (Table II) were designed from the known respective cDNA sequences (23, 24) and bridged introns to identify amplification of contaminating genomic DNA. The specificity and yield of the PCR were enhanced by using the "hot start" approach (25). The PCR containing the appropriate aliquot of RT material adjusted to 20 Ml, primers (0.2 MM each), AmpliTaq DNA polymerase (2.5 U; Perkin Elmer Cetus, Norwalk, CT), MgCI2 (2 mM), and PCR buffer in a I00-Ml volume was performed in a DNA thermal cycler (Perkin-Elmer Cetus) using the following cycle conditions: denaturation for 1 min at 95°C for both collagen IV and actin, annealing for 1 min at 54°C for collagen IV and for 1 min at 50°C for actin, and extension for 2 min at 72°C for both collagen IV and actin. There were 34 cycles for collagen IV and 28 for actin.
Analysis and quantitation of PCR products. PCR products from diabetic and control pairs were always resolved on the same gel ( 1.2% agarose containing 0.1 Mg/ ml ethidium bromide) together with molecular weight markers (I 00-bp DNA ladder; GIBCO BRL). The gel was photographed with Positive/Negative Instant Film (665; Polaroid) and transferred onto nylon membrane for Southern analysis (8) . Hybridization was to the HT-21 (23) and fl-actin (24) cDNAs.
There was excellent correlation (r = 0.99) between the densitometric readings ofsignals on Polaroid negatives and autoradiography films.
1. Abbreviation used in this paper: RT, reverse transcriptase.
Hence, the former were used throughout the study to minimize variations in transfer and hybridization efficiency. The densitometric values for the amount of PCR products generated by the increasing volumes of RT reaction were averaged to yield the collagen IV and actin signals for each sample (densitometric units/hl RT reaction). The data are summarized with the mean±SD. The values obtained in diabetic and control samples were compared with the Student's t test.
Results
Collagen IV mRNA, which could not be detected in adult human retina by Northern analysis, was identified by RT-PCR. The expected 436-bp PCR product was present on agarose gel and yielded a unique band in Southern blot (Fig. 1) We compared collagen IV and actin expression in diabetic and control retinas. Fig. 2 shows the band pattern in agarose gel for the collagen IV and actin PCR products from a diabetic and control RNA studied in the same experiment (diabetes mellitus subject 2 and control subject 2 in Tables I and III) . Band intensity increased linearly with the amount of RT reaction subjected to amplification; whereas the actin signal was comparable in the diabetic and control sample, the collagen IV signal was clearly more prominent in the diabetic sample. The quantitation of results for all RNA studied is presented in Table III . Because the actin signal was similar in the diabetic and control group, actin could be used appropriately as an internal reference providing for each sample a control for the yield and reverse transcription of RNA. The level of collagen IV gene expression could thus be determined relative to the expression of the actin gene, and the collagen IV/actin ratios observed at the different amounts of cDNA subjected to amplification are presented in Fig. 3 . At each point the ratio in diabetic samples was greater (P < 0.05) than in control samples; the mean collagen IV/actin ratio was 0.53±0.15 in diabetic samples and 0.24±0.09 in control samples (P = 0.004). Actin mRNA was more abundant than the collagen IV mRNA in all samples despite the relative underestimation due to a lesser number of amplification cycles, and in accordance with the detectability of the retinal actin transcript in Northern analysis ( 16) .
Discussion
We have proposed that understanding the lesions of diabetic angiopathy and their pathogenesis will require knowing whether and how the cell types involved modify their differentiated functions (26) . This study indicates that cells that synthesize basement membranes in the retina increase by twofold their collagen IV mRNA levels in diabetes.
The results were obtained with RT-PCR, a technique whose quantitative capabilities have limitations based on the lack ofan optimal strategy for controlling internally all steps of the procedure (22) . To pression to an internal standard gene expressed at a constant level in diabetic and control retinas. This strategy is less effective than other methods (e.g., competitive PCR) in controlling for efficiency of the amplification reaction. However, it has been used successfully by several investigators (21, 22) and showed in our study the desired accuracy and reproducibility (see Results).
Several criteria suggest that the increased expression ofcollagen IV was caused by diabetes and was a concomitant of background retinopathy. Although the group of diabetic patients was slightly older than the control group (the need to process eyes no later than 36 h after death imposes some limitation on the availability of specimens), even in the patients exactly age matched with controls (patients 1, 3, and 5 in Tables I  and III ) the collagen IV transcript and the collagen IV/actin ratio were increased above control values. Moreover, in humans age appears to be a determinant of basement membrane thickening only until the fourth decade of life (27) . It has been calculated that in patients with type II diabetes such as those we studied, the onset of the disease antedates clinical diagnosis by 4-7 yr (28) . Hence, our patients would have had diabetes for -15 yr, time at which proliferative retinopathy is present in < 15% ofthe patients, while the prevalence ofbackground retinopathy exceeds 70% (29) . Indeed, in two groups of patients with characteristics similar to those of the present group and studied with techniques permitting examination of retinal vascular morphology (30, 31 ) , we encountered microaneurysms, microvessels with focal areas ofpericyte loss, occasional acellular capillaries, and no foci of neovascularization.
Although we studied RNA isolated from the whole retina, the data should reflect events occurring mostly in vascular cells. In situ hybridization studies in mice have shown that the postnatal retina contains collagen IV mRNA only at the level ofblood vessels ( 18) . Even ifglial cells contributed to the collagen IV mRNA measured by the more sensitive method of RT-PCR, their role in the increased expression observed in diabetic patients is likely to be minor since the Muller cell basement membranes appear much less affected than the subendothelial and pericytic basement membranes in diabetic retinal microvessels ( 15) . Insofar as the in vitro biosynthetic profile of retinal endothelial cells and pericytes indicates that only the endothelial cells synthesize substantial amounts ofcollagen IV (32) , it may be extrapolated that our observations reflect increased synthesis ofcollagen IV by vascular endothelial cells in diabetic patients. The possibility that an increased number of endothelial cells in the diabetic retinas may contribute to the finding cannot be categorically excluded but is unlikely for three reasons. As indicated earlier, morphological examination of a total of 21 retinas obtained from diabetic patients with clinical characteristics matched to those of the present group failed to reveal focal areas of hypercellularity interpretable as intraretinal neovascularization (30, 31 ) . Immunocytochemical and in situ hybridization studies of these retinas showed that neither the abundance nor the synthesis of von Willebrand factor (an endothelial cell marker) are increased in diabetic vessels (31 ) . In addition, numerical estimates ofmicrovascular cells in human diabetic retinopathy provide indication of decreased number ofpericytes but not ofincreased number ofendothelial cells (33) .
Exposure of human vascular endothelial cells to high glucose levels in vitro results in increased transcription of the collagen IV gene (8) . The present finding that in diabetes upregulation of collagen IV expression occurs at the pretranslational level is consonant with a causative role of hyperglycemia, but does not prove it. However, it provides evidence against which contender mechanisms can be measured. It also provides a novel perspective for comparative and functional analysis of the thickened basement membranes of diabetes. Studies with Numbering of diabetic and control subjects corresponds to that in Table I. sensitive molecular techniques can be extended to other matrix components and other tissues at the early stages of human diabetes; they will help define the pattern and consistency of biosynthetic abnormalities and help assess the likelihood of correct supramolecular assembly. The latter is critical for proper function of extracellular matrices, and likely to require secretion of the component protomers in correct relative and absolute concentrations (34, 35) . In addition to collagen IV overexpression we have recently observed in retinal microvessels of diabetic patients increased abundance of the receptors (31 integrins) for extracellular matrix components (30) . In vitro, changes ofthis nature are associated with increased cell matrix adhesion and decreased replication (30, 36, 37) . It is thus possible that the thickened base- cDNA ( Ud) Figure 3 . Collagen IV/f3-actin ratios at varying amounts of cDNA (microliters of RT reaction) subjected to PCR amplification. Each point depicts the mean and SD of the ratios computed in control (o) and diabetic (-) samples.
Collagen IV in Diabetic Retinopathy 441 ment membranes of diabetes have consequences on important cellular functions, and that the event responsible for initiating the phenotypic changes is increased synthesis ofspecific matrix components.
